We observed the dynamics of a superconducting flux qubit coupled to an extrinsic quantum system (EQS). The presence of the EQS is revealed by an anticrossing in the spectroscopy of the qubit. The excitation of a two-photon transition to the third excited state of the qubit-EQS system allows us to extract detailed information about the energy level structure and the coupling of the EQS. We deduce that the EQS is a two-level system, with a transverse coupling to the qubit. The transition frequency and the coupling of the EQS changed during experiments, which supports the idea that the EQS is a two-level system of microscopic origin.
We report experiments on a superconducting flux qubit, where spectroscopic measurements show that the qubit is coupled to an extrinsic quantum system (EQS). Similar observations have been reported for superconducting phase qubits [8, 9, 10] , where EQSs have been identified as two-level systems (TLS) and showed to cause decoherence of qubits. We study the dynamics of the coupled qubit-EQS system using one-photon spectroscopy, as in [8, 9, 10] , and in addition two-photon spectroscopy. In this letter we show that two-photon spectroscopy provides important information on the energy level structure of the EQS and on its coupling to the qubit. This tool can be used to distinguish a resonance due to a microscopic defect from a spurious resonance in the control or readout circuit, the latter of which can be eliminated by an improved design of these circuits.
The origin of decoherence of superconducting qubits is still not well understood. A few studies have been reported up to date for different types of superconducting qubits [5, 8, 10, 11, 12, 13, 14, 15, 16, 17] . Decoherence properties are characterized by two different time scales: the energy relaxation time, T 1 , and the dephasing time, T 2 . Systematic studies often show a strong and sample-dependent variation of T 1 with qubit control parameters [14] . It is not clear whether relaxation has a microscopic origin or is due to a poorly controlled electromagnetic environment of the qubit. The dephasing time is partly limited by energy relaxation (T 2 ≤ 2T 1 ) and is further reduced by slow fluctuations of the qubit parameters, arising from charge, flux, and junction criticalcurrent noise [16] . This noise very often has a 1/f power spectrum.
Microscopic two-level systems are highly relevant for understanding the decoherence of superconducting qubits. A first reason is that 1/f noise is believed to be generated by a collection of TLSs [18] . The second reason is that some TLSs may have an energy level splitting close to the transition frequency of the qubit, thus inducing qubit relaxation. The latter situation was studied in detail for phase qubits. The qubit spectrum displayed a large number of spurious anticrossings [8] that were interpreted as being due to the resonant coupling of the qubit to microscopic TLSs. It was shown [8, 10] that these TLS play a role in decoherence of phase qubits. The coherent exchange of energy between a phase qubit and a TLS was also observed [9] .
The fact that many TLSs are observed for phase qubits is generally attributed to the presence of these TLSs inside the barrier of the relatively large-area Josephson junctions (typically 10 µm 2 [8] ) used for phase qubits. Flux, charge-phase, and charge qubits have much smaller Josephson junctions (0.01-0.1 µm 2 ), which could statistically explain the absence of TLSs in many measurements. The presence of coupled TLSs was however observed for small junction qubits (see e.g. [19] for charge-phase qubits and [20] for flux qubits). In this paper we report on detailed measurements of a TLS coupled to a flux qubit. We stress that coupled TLS are observed relatively rarely in our experiments, done on one-or two-qubit samples; in addition to the measurements presented here, we observed a TLS in only one other sample. Nevertheless, the frequency of occurrence of such coupled TLSs will become significant in many-qubit samples, even for the case of superconducting qubits with small junctions.
The flux qubit [21] is formed of a superconducting loop interrupted by three Josephson junctions, two of which are of equal area S J,large and a third of area S J,small = αS J,large , where the factor α ≈ 0.75. The qubit is fabricated using electron-beam lithography and shadow evaporation of aluminum. The two superconducting aluminum layers that form the junction have thicknesses of 25 nm and 50 nm. and E
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, yielding the following parameters: Ip = 331 nA, ∆ = 4.512 GHz, ν T LS = 4.706 GHz, and g = 0.104 GHz. The gray line is a plot of (E S J,small = 0.022 µm 2 . The density of the critical current of the junctions is 17 µA/µm 2 . The qubit control parameter is the magnetic flux applied to the qubit loop, Φ. In the energy eigenbasis, the qubit Hamiltonian is given by
where n is the integer part of Φ/Φ 0 , I p is the maximum persistent current that flows in the qubit ring, and σ qb x,y,z are operators that have the Pauli matrices representation in the energy eigenbasis. The parameters I p and ∆ are fixed by design, determined by S J,large , α, and the critical-current density and capacitance of the Josephson junctions. Transitions between the qubit energy eigenstates are induced by adding to the magnetic flux Φ a small AC magnetic flux with a frequency resonant with the qubit energy level splitting. The qubit state is measured as follows: a resonant electrical circuit coupled to the qubit is driven with an AC current near resonance, where its impedance is strongly dependent on the state of the qubit. Measuring the voltage V ac across the resonator gives information on the qubit state. This method was described in detail elsewhere [22] .
Spectroscopy is performed by repeating, typically 10 6 times, the following steps [22] : the qubit is first prepared in the ground state by energy relaxation. Transitions to excited states are then induced with microwaves at power P mw and frequency f mw , applied for a time T mw ; for spectroscopy measurements we take T mw >> T 1 , T 2 . As a final step the driving of the resonant circuit used for readout is switched on and the amplitude V ac is measured. The information on the qubit state is provided by the average value of V ac , < V ac >. In Fig. 1a the position of the observed spectroscopy peaks for low power is shown as black squares and circles. Away from the symmetry point of the qubit (Φ = 3Φ 0 /2) the spectrum is similar to the usual flux qubit spectrum: we observe a single peak at frequency
corresponding to the transition between the ground and excited states of the qubit. However, around Φ = 3Φ 0 /2, we observe two peaks (labeled p 1 and p 2 ) with a Φ dependence characteristic of an anticrossing. This reveals the presence of an EQS with a frequency close to the qubit parameter ∆. At larger microwave power a third peak is observed (labeled p 3 ) between the peaks p 1 and p 2 . In Fig. 1b we plot the average < V ac > as a function of the microwave frequency at Φ = 3Φ 0 /2, for increasing microwave power. We start with the reasonable assumption that the EQS is a TLS, following reference [8] . We model the combined qubit-TLS system with the Hamiltonian H qb+T LS = H qb + H T LS + H qb−T LS , with the TLS Hamiltonian
where ν T LS is the frequency of the TLS, and the interaction Hamiltonian
where σ
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x,y,z are TLS operators and g is the coupling strength. This Hamiltonian is easily diagonalized, yielding the eigenenergies E qb+T LS n (n = 0 to 3) and the transition energies E with the frequency of the peaks p 1 and p 2 . This fit yields the parameters I p , ∆, ν T LS , and g. The agreement of the model with the data is very good. We note that the good agreement does not justify the specific model for the interaction in Eq. 3, as discussed in more detail below, but it justifies the model of resonant interaction and moreover it provides the value of the coupling g.
We now discuss the origin of the peak p 3 in the spectroscopy signal shown in Fig. 1 . Further understanding on this peak is provided by the analysis of Rabi oscillations, observed at strong microwave driving. These are shown in Fig. 2a for three different frequencies, corresponding respectively to the peaks p 1 , p 2 , and p 3 . It is interesting to note that the measurement of the Rabi oscillations shows that the EQS has coherence times comparable to those of the qubit [23, 24] . The microwave amplitude dependence of the Rabi frequency is shown in Fig. 2b for the three different transitions. For low microwave power, we observe a power law behavior with exponent 1.0 for peaks p 1 and p 2 , and 1.8 for peak p 3 . This confirms that p 1 and p 2 are one-photon transitions. We attribute p 3 to a two-photon transition to the third excited state of the coupled system. The value of the exponent of the amplitude dependence, 1.8, is smaller than the ideal value of 2. This is consistent with numerical simulations of the driven dynamics. We attribute this difference to the partial excitation of the first two excited states of the coupled system.
The observation of the two-photon transition brings important additional information about the coupled EQS. We observe (see Fig. 1a ) that the frequency of the peak p 3 is the average of the frequencies of peaks p 1 and p 2 . This is clearly shown by the gray line in Fig. 1a , which is a plot of the average of the transition energies E qb+T LS 01 and E
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are given by the best fit to the frequencies of p 1 and p 2 . This particular position of the 2-photon peak is consistent with the hypothesis that the EQS is a TLS , but rules out that the EQS is a HO. This can be understood by considering the structure of levels for the coupled qubit-TLS and qubit-HO cases, as shown in Fig. 3 a and b respectively. For the latter case the two-photon transition to the third excited state would have a frequency significantly lower than the average value of the one-photon transition frequencies to the first and second excited states. This conclusion holds for any type coupling between the qubit and the HO which is linear in the oscillator creation and annihilation operators. Making the distinction between coupled TLSs and HOs is important since HO modes coupled to the qubit can appear due to spurious resonances in the electromagnetic circuit used to control and read out the qubit.
Having established that the coupled EQS is a TLS, the frequency of the two-photon transition can be used to extract additional details on the type of coupling, as discussed in [25] . In general, the qubit-TLS coupling can have any terms of the type hg αβ σ qb α σ
T LS β
, with α, β = x, y, z. In our experiment, the two-photon transition frequency is precisely to (E We now discuss the physical origin of the TLS. We first consider the possibility that the TLS is coupled to the qubit by inducing a change in either the critical current or the capacitance of one of the qubit junctions. We calculate numerically the effect of such a change for Φ = 3Φ 0 /2 and arbitrary values of the offset charges, which are uncontrolled in the experiment (see [26] for a model of offset charges). A physically reasonable change of 1 % in critical current or capacitance result in important changes of the qubit energy-level splitting. However, the corresponding off-diagonal matrix elements in the qubit energy eigenbasis are at least two orders of magnitude too small to explain the value of the coupling g observed in the experiment.
Having ruled out the possibility of a TLS coupled by induced capacitance or critical current changes, we consider now that the qubit couples to the magnetic or the electric field generated by the qubit. Imagine for instance that the TLS is an electronic spin. An estimate for the possible maximum coupling is g m = µ B B max , where µ B is the Bohr magneton and B max ≈ µ 0 I p /πt is the maximum field generated by the qubit, with t the thickness of the qubit loop lines. For our qubit, with t = 75 nm, we estimate B max ≈ 18 mGs resulting in g m = µ B B max ≈ 25 kHz, a value much smaller than observed in the experiment. For electric coupling, we consider now a TLS with an electric-dipole transition of moment ex 01 . The maximum coupling to the qubit is obtained if the TLS is in one of the junction barriers. It has the value g e = κ∆ × (x 01 /d) × g|φ m |e , where κ = 0.5 or 1 depending on the TLS being either in one of the two large or in the small qubit junction, d is the barrier thickness, and φ m = (φ 1 − φ 2 )/2 with φ 1 and φ 2 the phase operators corresponding to the two large qubit junctions. With ∆ = 4.5 GHz and the numerically calculated g|φ m |e = 0.77, we find that g e is equal to the measured value if κ×(x 01 /d) = 0.03. Assuming d = 2 nm, we obtain x 01 = 0.06/0.03 nm for the TLS in a large/small qubit junction. This is a physically reasonable value, in agreement with the more systematic studies on phase qubits [10] . We thus find that a physically plausible explanation for our experiment is that the TLS is coupled by an electric-dipole transition. Strong coupling through an electric-dipole transition is thus obtained even though our qubit is a flux qubit.
During the experiments we observed important changes of the energy-level structure of the combined qubit-TLS system. Our qubit sample was used in two experiments, A and B. Between these two experiments our cryostat was warmed up to room temperature. In experiment A a few different configurations of the energy-level structure were observed. In Fig. 4a we present the spectroscopy data at small power (only lines p 1 and p 2 ) for two such configurations. The measured spectroscopy is in both cases well described by the qubit-TLS model (given by Eqs. 1, 2, and 3), but with different frequency and coupling of the TLS: ν T LS = 4.706 GHz and g = 0.104 GHz for the first configuration and ν T LS = 4.493 GHz and g = 0.099 GHz for the second configuration. During the first experiment we observed a few changes between such configurations. The change between two configurations was fast on the time scale of a few tens of minutes, which is the time necessary to acquire the data in order to characterize the spectroscopic structure. Each configuration was in turn stable over times of the order of days. We observed for each of these configurations the two-photon transition and Rabi oscillations on all the three transitions. In experiment B we observed a similar spectrum (see Fig. 4b ), with a configuration given by I p = 350 nA, ∆ = 4.565 GHz, ν T LS = 5.039 GHz, and g = 0.036 GHz. The frequency and the coupling of the TLS are significantly different. In contrast to experiment A, the spectrum was stable over all the duration of the experiment (two months). These observations are consistent with other experiments [8, 27] and support the idea that the coupled TLS is of microscopic origin.
In conclusion, we report experiments on a flux qubit coupled to a microscopic two-level system. We stress that the observation of a coupled two-level system is not typical for our measurements on flux qubits. We performed a detailed spectroscopic study of this coupled system. In particular, we used a two-photon transition to the third excited state of the combined system, which is a tool that enabled us to confirm that the coupled system is a two-level system, ruling out the possibility of a coupled harmonic-oscillator mode in the qubit environment. The method described here can be used to shed light on the spectrum of other qubit-EQS systems. We induced coherent transitions to all the three excited states with relatively long coherence times.
